The aim of the present study was to determine the effects of cold ischaemia time (CIT) on living donor kidney transplant recipients in a large national data set.
Introduction
Living donor (LD) kidney transplantation is associated with excellent clinical outcomes, and has helped to address the disparity between supply and demand of available organs for transplantation. LD transplants now account for one-third of all kidneys transplanted in the UK 1 .
Prolonged cold ischaemia time (CIT), the duration for which the organ is cold stored before implantation, has been demonstrated repeatedly to correlate with inferior graft outcome for cadaveric kidney transplants, with higher rates of delayed graft function (DGF), acute rejection and inferior long-term outcome 2 -6 . CIT in the LD setting is usually shorter than for cadaveric kidney operations, and CIT times of less than 1 h are achievable when simultaneous donor and recipient operations are performed 7 . However, the effect of a longer interval of cold ischaemia in the LD setting is less clear, and if associated with inferior outcomes would have important consequences.
LD transplantation has evolved significantly over the past decade, with greater numbers of split-site (two hospitals) donor and recipient operations. This is largely a consequence of the increase in paired exchange programmes and non-directed or altruistic donors. Split-site procedures are performed for logistical (to minimize the burden of travel) and ethical (to avoid emotional coercion) reasons. If longer CIT resulting from split-site operations were associated with inferior outcomes, such decisions would have to be rationalized against potential harms. Furthermore, the potential role of hypothermic machine perfusion for LD kidneys would need to be established. This would seem attractive, given that it is associated with reduced rates of DGF 8 -10 and improved graft survival for cadaveric organs 9, 10 .
The aim of this study was to determine whether modest prolongation of CIT (up to 8 h) has any effect on outcome for LD kidney transplants. Excellent outcomes were reported for kidneys with prolonged CIT in a previous study 11 based on US registry data between 1990 and 2005. Validation through a second large data set is justified, given the potential implications for clinical practice.
Methods
All adult patients receiving a LD kidney transplant between January 2001 and December 2014 in the UK with CIT between 0 and 8 h were included. Kidney transplant centres within the UK are obliged to submit demographic and clinical data to both NHS Blood and Transplant (NHSBT) and Renal Registry professional bodies for each transplant performed; the data set can be assumed to be complete. The two bodies collect different patient-specific and outcome variables, and therefore the two data sets were amalgamated to try to include all possible variables.
Outcome measures
Primary outcome measures were 1-, 3-and 5-year graft survival (death censored). Secondary outcome measures were rates of DGF, serum creatinine values at 1, 3 and 5 years, patient survival, and rates of acute rejection within 3 months.
Statistical analysis
Initially, univariable analyses were performed to compare factors across the CIT groups, using a combination of Jonckheere-Terpstra, Kendall's τ and χ 2 tests, as appropriate. Multivariable analyses were then done, to account for differences in demographics across the CIT groups. These were based on binary logistic regression, Cox regression and general linear models, depending on the outcome being considered, and used a stepwise approach to select variables for inclusion. Full details of the statistical methodology can be found in Appendix S1 (supporting information). Categorical variables are reported as numbers and rates throughout. Continuous variables are presented as geometric means with 95 per cent confidence intervals (c.i.) or median (i.q.r.), as applicable. For multivariable analysis, odds ratios or hazard ratios are reported, as applicable, along with 95 per cent c.i.
All analyses were performed using SPSS ® version 22
(IBM, Armonk, New York, USA), with P < 0⋅050 deemed indicative of statistical significance.
Results
Data were available for a total of 10 043 LD transplants between 2001 and 2014. Of these, 809 had no data recorded for CIT and 78 had CIT longer than 8 h, so were excluded. This left a total of 9156 transplants, with a CIT of less than 2 h in 2662 (29⋅1 per cent), 2-4 h in 4652 (50⋅8 per cent) and 4-8 h in 1842 (20⋅1 per cent). The data set was generally well populated, with only two co-variables (sensitization and pretransplant duration on waiting list) being unavailable for more than 10 per cent of transplants. Complete patient demographics and data availability are reported in Tables S1-S3 (supporting  information) .
The three CIT groups were markedly different on univariable analysis (Tables 1 and 2 ). The prolonged CIT group was associated with many markers of transplant complexity, and recipients were generally older (P < 0⋅001), more likely to be non-white (P = 0⋅009), more sensitized (P < 0⋅001), with more previous transplants (P = 0⋅001), higher rates of haemodialysis (P < 0⋅001) and cytomegalovirus (CMV) positivity (P = 0⋅007), longer wait times (P < 0⋅001) and were less likely to receive organs from related donors (P < 0⋅001). However, several factors thought to convey favourable outcome were more prevalent in the longer CIT group, such as female sex (P = 0⋅008), fewer HLA mismatches (P = 0⋅001) and lower rates of antibody incompatibility (P < 0⋅001). More recent transplants were also found to be associated with longer CIT (P < 0⋅001).
Owing to these differences in patient demographics, multivariable analyses were used to account for potentially confounding factors. Adjusted rates generated from the multivariable models in Table 3 .
of these analyses, indicating the adjusted relationships between CIT and the outcomes considered. The models used to generate these adjusted statistics are reproduced in full in Tables S4-S8 (supporting information) .
Graft survival
After adjusting for confounding factors, there was no significant difference in graft survival between the shorter CIT groups (less than 2 versus 2-4 h), with a hazard ratio of 1⋅06 (95 per cent c.i. 0⋅91 to 1⋅24; P = 0⋅471). However, the risk of graft failure was significantly higher in the 4-8-h group relative to the group with a CIT of less than 2 h (hazard ratio 1⋅31, 1⋅05 to 1⋅62; P = 0⋅016) ( Table 3) . Adjusted rates of death-censored 1-year graft survival from this model were 97⋅1, 96⋅9 and 96⋅2 per cent for the groups with a CIT of less than 2, 2-4 and 4-8 h respectively, with similar discrepancy at 3 and 5 years ( Table 4) .
Delayed graft function
DGF was defined as the need for dialysis in the first postoperative week; the overall rate was 5⋅1 per cent. The association between CIT and DGF was significant on multivariable analysis (P < 0⋅001). Although there was no difference between the groups with a CIT of less than 2 h versus 2-4 h (P = 0⋅314), patients with a CIT of 4-8 h were significantly more likely to develop DGF, with an odds ratio of 2⋅16 (95 per cent c.i. 1⋅60 to 2⋅92; P < 0⋅001) relative to the shortest CIT group ( Table 3 ). The adjusted rates of DGF were 4⋅3, 4⋅9 and 8⋅6 per cent for the groups with a CIT of less than 2, 2-4 and 4-8 h respectively ( Table 4) .
Patient survival
CIT was not associated with survival on multivariable analysis (P = 0⋅440). The adjusted 1-year patient survival rates were 99⋅1, 99⋅1 and 99⋅0 per cent for the groups with a CIT of less than 2, 2-4 and 4-8 h respectively.
Creatinine
After adjustment for confounding factors, a significant relationship was detected between CIT and creatinine level at 12 months (P = 0⋅025). There was no significant difference in 12-month creatinine values for the two shorter CIT groups (P = 0⋅094), but patients in the 4-8-h group had significantly higher values than those with a CIT of less than 2 h, with a mean difference of 3⋅1 (95 per cent c.i. 0⋅8 to 5⋅5) per cent (P = 0⋅007). The adjusted average creatinine levels at 12 months were 122, 124 and 126 μmol/l in the groups with a CIT of less than 2, 2-4 and 4-8 h respectively.
Acute rejection
The rates of acute rejection (within 3 months) differed significantly by CIT group in multivariable analysis (P = 0⋅004). Interestingly, this difference was not between the shortest (less than 2 h) and longest (4-8 h) CIT groups (odds ratio 1⋅00, 95 per cent c.i. 0⋅84 to 1⋅20; P = 0⋅970).
Instead, rejection was significantly less common in the middle CIT group (2-4 h), with an odds ratio of 0⋅81 (0⋅71 to 0⋅94; P = 0⋅004) relative to the shortest CIT. The adjusted rates of acute rejection were 17⋅2, 14⋅6 and 17⋅2 per cent for the groups with a CIT of less than 2, 2-4 and 4-8 h respectively.
Discussion
Based on a large UK national data set with good completeness, this study has demonstrated that LD kidneys with moderate prolongation of CIT (4-8 h) have excellent outcomes, although these are marginally inferior to those with shorter CIT. This report of outcomes for moderately prolonged CIT in UK patients corroborates the findings from the earlier US study 11 , which is reassuring given the variable transplant practice and patient outcomes between North American and European centres. The American study reported adjusted odds ratios for DGF of 1⋅84 and 2⋅05 in the longest CIT groups (4-6 and 6-8 h), compared with 2⋅16 in the 4-8-h group in the present study. The US study also observed a similar pattern of rejection, with odds ratios of 0⋅72, 0⋅65 and 1⋅07 for the 2-4-, 4-6-and 6-8-h CIT groups, compared with 0⋅81 and 1⋅00 for the 2-4-and 4-8-h groups in the present study. The reproducible finding, that several hours of CIT appears to minimize rates of post-transplant rejection, is interesting and warrants further investigation, as the biological mechanism for this is unclear.
In contrast to the US study, there was a small but significant difference in graft survival between CIT groups, which was worst in the 4-8-h CIT group (hazard ratio 1⋅31). Omission of era of transplant as a variable, and the lower statistical power in the US study, are likely to be the major reasons for this difference. The identification of CIT as an independent risk factor for graft failure is an interesting finding. However, adjusted graft survival rates of 96⋅2 per cent at 1 year and 90⋅3 per cent at 5 years in the 4-8-h CIT group justify planning LD transplants with anticipated CITs of 4-8 h. Similarly, although statistically significant, the minimal rise in serum creatinine concentrations in the prolonged CIT group is unlikely to be of clinical relevance.
The classification of CIT into three groups in this study (less than 2, 2-4 and 4-8 h) was deliberate, to reflect typical CITs in different operative conditions. Times under 2 h are achievable practically only when donor and recipient operations occur simultaneously. Between 2 and 4 h reflects consecutive donor/recipient operations, and 4-8 h is a realistic target for most split-site procedures 7, 12 .
The outcomes of this study reflect previous reports and suggest that, with regards to CIT reduction, simultaneous procedures offer no clinical benefit compared with sequential operations 7 , and that split-site operations confer satisfactory outcomes 12, 13 . It must be noted, however, that the 4-8-h CIT group in the present study included a number of sequential same-site procedures.
The donor and recipient differences between the three CIT groups are surprising, with greater proportions of highly sensitized, older, haemodialysed, CMV-positive patients with multiple previous transplants, but with lower levels of mismatch, in the 4-8-h CIT group. This is likely to reflect the greater proportion of altruistic and paired exchange kidneys in this group. Altruistic kidneys are offered to the best match patient from the transplant waiting list, and such patients are inherently more complex than those receiving traditional LD transplants 14 . Similarly, highly sensitized patients are more likely to find a compatible donor via the paired exchange programme, as this effectively increases the size of the donor pool for this hard-to-match group 15, 16 . Given the inherent differences in donor and recipient characteristics between CIT groups, univariable (unadjusted) outcome measures are of limited value in this type of study; this highlights the strength of population-based analysis to identify subtle differences in outcome.
Although this data set included a multitude of donor, recipient and transplant factors, the list was not exhaustive. Even though there is no reason to suspect an unequal distribution across CIT groups, initial warm ischaemia time, anastomosis time, vessel anatomy and recipient body mass index have been shown to affect outcome in cadaveric kidney transplants 17 -20 and would have been interesting to include.
As anticipated, this study has demonstrated significantly higher rates of DGF in LD kidneys with a CIT of 4-8 h compared with less than 2 h and 2-4 h (adjusted rates 8⋅6, 4⋅3 and 4⋅9 per cent respectively). Although these DGF rates are low compared with those for cadaveric kidneys, the almost twofold increase resulting from modest CIT prolongation is surprising. DGF is defined as the need for dialysis in the first week post-transplant and it is not clear whether this was largely a single postoperative session or more prolonged treatment. As such, the associated patient and graft morbidity of DGF after cadaveric transplants may not be applicable to LD kidneys. renal units for providing data to the UK Renal Registry and NHSBT, and the Scottish Renal Registry for sharing the data collected and validated in Scotland. Any views or opinions expressed are solely those of the authors and do not necessarily represent those of the UK Renal Registry or NHSBT. Disclosure: The authors declare no conflict of interest.
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